Expression Patterns of Anterior Hox Genes in the Polychaete Chaetopterus: Correlation with Morphological Boundaries  by Irvine, Steven Q & Martindale, Mark Q
p
t
t
s
r
d
S
Developmental Biology 217, 333–351 (2000)
doi:10.1006/dbio.1999.9541, available online at http://www.idealibrary.com onExpression Patterns of Anterior Hox Genes
in the Polychaete Chaetopterus: Correlation
with Morphological Boundaries
Steven Q. Irvine*,1 and Mark Q. Martindale*,†,2
*Committee on Evolutionary Biology, and †Department of Organismal Biology and Anatomy,
University of Chicago, 1027 East 57th Street, Chicago, Illinois 60637
Expression patterns for five Hox genes were examined by whole-mount in situ hybridization in larvae of Chaetopterus, a
olychaete annelid with a tagmatized axial body plan. Phylogenetic analysis demonstrates that these genes are orthologs of
he Drosophila genes labial, proboscipedia, zen, Deformed, and Sex combs reduced and are termed CH-Hox1, CH-Hox2,
CH-Hox3, CH-Hox4, and CH-Hox5, respectively. Expression studies reveal a biphasic expression pattern. In early larval
stages, well before any indications of segmental organization exist, a novel pattern of expression in bilateral posterior
proliferating cell populations, corresponding to the teloblasts, was detected for each of the genes, with CH-Hox1 and
CH-Hox2 expressed before the remaining three. In middle larval stages, all five genes are expressed in bilateral strips along
the ventral midline, corresponding with the developing ventral nerve cord. In addition, CH-Hox1 and CH-Hox2 show strong
expression at the foregut-midgut boundary. By late larval stages the expression is generally confined to the ventral CNS and
ectoderm of the anterior parapodia. Anterior boundaries of expression are “colinear,” at later larval stages, with CH-Hox2
expressed most rostrally, in the first segment, and anterior expression boundaries for CH-Hox1, CH-Hox3, CH-Hox4, and
CH-Hox5 in segments 2, 3, 4, and 5, respectively. Like vertebrates and spiders, but unlike insects, CH-Hox3 participates in
his colinear axial expression pattern. CH-Hox1 and CH-Hox2 have distinct posterior boundaries of expression in the ninth
egment, which corresponds to a major morphological boundary, and may reflect a reorganization of Hox gene regulation
elated to the evolutionary reorganization of the Chaetopterus body plan. © 2000 Academic Press
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lINTRODUCTION
Annelida is one of the three great phyla of segmented
animals, the others being Chordata and Arthropoda. The two
major groups within Annelida are the polychaetes, comprising
about 5000 species of marine worms, and the clitellates,
familiar as the oligochaetes, including earthworms, and
hirudinidans, or leeches. The annelids all share a simple
eucoelomic segmented body plan. The polychaetes are of
special interest with respect to the evolution of segmental
development because of their basal position within the anne-
lids and tremendous morphological diversity.
1 Current address: Department of Cellular, Molecular and Devel-
opmental Biology, Yale University, P.O. Box 208103, New Haven,
CT 06520-8103. E-mail: sqi2@pantheon.yale.edu.
2 To whom correspondence should be addressed at current ad-
ress: Kewalo Marine Lab, PBRC/University of Hawaii, 41 Ahuilt., Honolulu, HI 96813. E-mail: mqmartin@hawaii.edu.
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All rights of reproduction in any form reserved.Annelid segmentation was long thought to be homologous
o that of arthropods based on the presence of teloblastic
rowth from a posterior “growth zone” and other presumed
ynapomorphies (Brusca and Brusca, 1990; Valentine, 1989).
owever, recent molecular phylogenetic evidence (Aguinaldo
t al., 1997; Giribet and Ribera, 1998), as well as reevaluation
f morphological data (Eernisse et al., 1992; Moore and
illmer, 1997), has called into question the homology of
nnelid and arthropod segmentation and thus the “Articu-
ata” clade. It now appears likely that the annelid mode of
egmental development and specification arose independently
n the evolution of this lineage, just as other modes arose in
oth arthropods and chordates. The molecular mechanisms of
egmental development have been intensely studied in these
atter groups but relatively little is known about the molecu-
ar basis of segmental patterning in the annelids.
The most complete knowledge of development in anne-
ids exists for the leeches (for reviews, see Shankland, 1994;
333
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334 Irvine and MartindaleWedeen, 1995; Irvine and Martindale, 1996). The Hox genes
were an early target for study in this group because of their
obvious importance in segmental specification. To date
several Hox genes have been isolated and their expression
patterns described from the leeches Helobdella and Hirudo.
Taken together the results are consistent with spatial
colinearity, (Kourakis et al., 1997; Nardelli-Haefliger and
hankland, 1992; Wong et al., 1995; Wysocka-Diller et al.,
989); however, the use of leeches as “model” annelids is
roblematic. Leeches are direct-developers and have com-
lex reproductive systems, both traits thought to be derived
ithin the clitellate lineage. No orthologs of Hox groups 2
nd 3 have been reported for leeches, and the Hox gene
xpression patterns reported are somewhat more restricted
han those seen in arthropods and vertebrates, being largely
onfined to the central nervous system during late stages of
evelopment.
The polychaetes are generally thought to be the basal
axon of the annelids and thus are a good group to sample
or developmental patterns more likely to represent ances-
ral states than those of the more phylogenetically derived
eeches. We examined Hox gene expression development in
haetopterus because of the regionalization of segmental
orphology along the body axis. This regionalization is
erived within the family Chaetopteridae, and offers the
pportunity to examine whether the spatial regulation of
ox genes is associated with the evolutionary reorganiza-
ion of segmental morphology which occurred in this lin-
age. Because of this derived morphology, however, it is
mportant to sample the Hox expression patterns in other
pecies before statements about Hox gene regulation in
olychaetes generally can be made.
The unusual morphology of Chaetopterus is an evolu-
tionary specialization related to its mode of life. The
juvenile animal uses mucus to construct a parchment-like
tube buried in sediment, through which it pumps water and
catches minute suspended organic particles in a mucus net
which it then ingests (MacGinitie, 1939). The Chaetopterus
body plan consists of three basic anterior-posterior body
regions, here termed the A, B, and C tagmata (refer to Fig. 1).
Tagma A includes the fused presegmental prostomium and
peristomium and the first nine setigers. (Setigers are seg-
ments bearing appendages called parapodia with chitinous
spines called setae.) The B tagma participates in pumping
and food-gathering functions and consists of the next 5
setigers. The C tagma comprises the next 20 or more
setigers and the terminal pygidium bearing the anus. These
C tagma setigers are the sites of gametogenesis, the parapo-
dia becoming packed with gametes during breeding periods.
We describe the expression patterns of five Hox genes in
the polychaete Chaetopterus, the homologs of Drosophila
abial/Hox1, proboscipedia/Hox2, zen/Hox3, deformed/
ox4, and Sex combs reduced/Hox5. These are the first
ox gene expression patterns to be reported in a polychaete.
ox gene expression was found to occur at the earliest
arval stages, long before overt segmentation occurs. Later
xpression patterns are in some ways more complex than
Copyright © 2000 by Academic Press. All righthose of leeches, as perhaps expected for an animal with a
ore complex segmental morphology. The expression pat-
erns found were consistent with the doctrine of colinearity
or Hox gene patterns as found in previously described
roups. In addition, details of the expression patterns cor-
elate with the morphological specializations seen in the
haetopterus body plan.
MATERIALS AND METHODS
Animals. The care and handling of adult animals, as well as the
obtainment of gametes and rearing of larvae, are described in detail
elsewhere (Henry, 1986; Irvine and Martindale, 1999). Staging is by
morphology (Irvine et al., 1999), rather than developmental time
point, because of wide variation in size and morphological stage of
larvae within one culture spawned simultaneously (Irvine and
Martindale, 1999).
cDNA library. Poly(A)1 RNA was isolated from a mix of 51
tage L7 and 21 stage L4–L6 larvae using two rounds of oligo(dT)
ellulose chromatography (MicroPrep kit, Pharmacia). cDNA was
ynthesized using SuperScript II reverse transcriptase (GibcoBRL)
t an incubation temperature of 42°C, and second-strand cDNA
as generated by nick-translation. cDNA inserts were ligated into
l-gt10 vector, packaged in phage lambda with the GigaPack III kit
(Stratagene), and plated on C600 hfl cells. The unamplified library
had a titer of 1.4 3 106 PFU/ml which was amplified to a titer of 5 3
1010 PFU/ml.
Hox cDNA clone isolation. cDNAs (2.9–3.1 kb) for CH-Hox1,
CH-Hox2, and CH-Hox3 (refer to Fig. 2) were obtained by screening
he Chaetopterus library (3.3 3 105 PFU) with 83 bp single-stranded
gene-specific probes labeled with [32P]dCTP. cDNAs (647 and 759
bp) were isolated for CH-Hox4 and CH-Hox5, respectively, by
eminested RACE PCR using the cDNA library as template. One
rimer annealed in the linker sequence of the lambda vector and
he other primers were a gene-specific nested set targeted to the
hird helix of the homeobox. PCR products were screened for
uthentic amplicons by Southern blotting. Authentic products
ere cloned into pBluescript SK and sequenced on both strands by
he University of Chicago Cancer Research Center DNA Sequenc-
ng Facility.
Orthology analysis. Overall similarity of inferred protein se-
uence was analyzed using BLASTX searches of the GenBank
atabase (Fig. 3) and phylogenetic reconstruction of gene trees (Fig.
). Neighbor-joining (NJ) trees were produced using programs from
he PHYLIP 3.57 package (Felsenstein, 1995). One thousand boot-
trapped data sets were first produced using SEQBOOT. Protein
istance matrices for each data set were then calculated by PRO-
DIST with a PAM-Dayhoff matrix. NJ trees were constructed
rom these 1000 matrices using NEIGHBOR and a consensus tree
enerated using CONSENSE.
Nomenclature. After confident orthology assignments of the
haetopterus cDNA clones were made (see below), they were
amed according to their putative paralogy group using a prefix
H, to represent Chaetopterus variopedatus, followed by Hox and
a number for the vertebrate paralogy group homolog. These names
differ from those in two previous papers (Irvine and Martindale,
1996; Irvine et al., 1997) (refer to Table 1), the new names being
chosen to clarify homology relationships with known Hox genes of
other species.
In situ hybridization. Sense and antisense digoxygenin-labeled
riboprobes from each of the five cDNA templates were made using
s of reproduction in any form reserved.
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335Chaetopterus Hox Gene Expression Patternsthe MegaScript kit (Ambion). Figure 2 shows the portions of each
cDNA used to transcribe the probes. Preparation, staging, and in
situ hybridization of larval specimens were performed as described
in Irvine et al. (1999). For each cDNA, side-by-side sense riboprobe
ybridizations were performed in each set of experiments to
ontrol for nonspecific signal.
RESULTS
Five distinct Chaetopterus Hox cDNAs were cloned by
laque-lift hybridization or PCR screening of a Chaeto-
pterus cDNA library. The size and structure of each of these
cDNAs (CH-Hox1, CH-Hox2, CH-Hox3, CH-Hox4, and
FIG. 1. Diagrammatic lateral views of Chaetopterus larvae from
and juvenile structures. Anterior is to the left and ventral toward th
the drawings of stages L5, L6, and L7. I, II, III, anterior, middle, and p
amt, anterior mesotroch; an, aliform notopodium; ao, adult ocellus
lateral bristle; lhc, lateral hooked cilia; lo, larval ocellus; mg, midg
parapodium; pmt, posterior mesotroch; pr, prostomium; pe, peristoCH-Hox5) are shown in Fig. 3.
Copyright © 2000 by Academic Press. All rightOrthology assignments. A distance analysis was used
o generate a hypothesis of orthology for the Chaetopterus
enes in a dataset including Drosophila Hox genes and a set
f leech Hox genes for which homeodomain and flanking
equences are available. msh and prd sequences were also
included as outgroups. An 89 amino acid dataset was used
which included the entire homeodomain plus one residue
at the N-terminal side, and 9 residues immediately follow-
ing the C-terminal end of the homeodomain. In addition, 16
residues around the hexapeptide motif, if one is present,
starting 5 residues toward the N-terminal of the conserved
tyrosine were also included. The exceptions to the above
are CH-Hox5 and CH-Hox4 for which the 22 residues at the
L1 through metamorphosis showing relationships between larval
tom of the page. The setiger numbering scheme is correlated below
ior larval trunk coeloms, respectively; afo, accessory feeding organ;
apical tuft; bl, blastopore; gs, gametogenic setiger; hg, hindgut; lb,
t, mesotroch; nr, notopodial rudiment; pa, palp; pal, palette; par,
m; pyg, pygidium; s, one setiger.stage
e bot
oster
; at,
ut; mC-terminal side of the dataset were unknown. The result of
s of reproduction in any form reserved.
i
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336 Irvine and Martindalethis analysis is the neighbor-joining tree depicted in Fig. 4.
With the exception of CH-Hox5 and Scr, bootstrap consen-
sus values for each of the nodes supporting these clusters
are well above 50%, indicating a high degree of statistical
confidence in the groupings (Hillis, 1995). The data matrix
is available from the authors by request.
As a further check of the orthology relationships of these
five Chaetopterus genes, an assessment was made using
Hox paralogy group-specific “characteristic residues” (Shar-
key et al., 1997). The vast majority of paralogy group-
specific characteristic or conserved residues are present in
the Chaetopterus sequences (Table 2). This analysis, which
could be considered an informal assessment of the number
of shared derived characters, strongly supports the
Chaetopterus gene orthology assignments made by phylo-
genetic means. Leech sequences, which possess signifi-
cantly fewer of these characteristic residues, are also listed
FIG. 2. Diagram of cDNA clones used to produce digoxygenin rib
cDNA insert subcloned from a l-gt10 library oriented with the 59
ntervals. Light shading denotes the largest open reading frame, lef
ox represents the homeobox. The dark line below each clone diain Table 2.
Copyright © 2000 by Academic Press. All rightHox gene expression. Expression of Hox gene tran-
scripts for CH-Hox1, CH-Hox2, CH-Hox3, CH-Hox4, and
CH-Hox5 were examined at all larval stages by whole-
mount in situ hybridization (ISH) using digoxygenin and
fluorescein-labeled anti-sense RNA probes.
Early Larval Expression Patterns
At stages L1 and L2 each of the five genes examined were
expressed in cells at the posterior of the larva corresponding
to the location of the “growth zone” (Fig. 5). This region at
the posterior is thought to contain proliferating cells that
generate the segmental tissues of the larval and adult body
(Anderson, 1966; Okada, 1957). CH-Hox1, CH-Hox2, CH-
Hox3, and CH-Hox4 are all detected in bilateral prepygidial
cell populations (Fig. 5). Earliest CH-Hox5 posterior expres-
bes for the in situ hybridization experiments. Boxes represent the
f the coding strand to the left. Dashed vertical lines are at 500-bp
t dark shaded box is the hexapeptide motif, and larger dark shaded
denotes the region transcribed for riboprobes.opro
end o
tmossion is in one group of cells at the midline (Fig. 5i).
s of reproduction in any form reserved.
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338 Irvine and MartindaleCH-Hox1 and CH-Hox2 are expressed at high levels
arlier in ontogeny than CH-Hox3, 4, or 5 (Fig. 5). At stage
FIG. 4. A distance analysis of selected homeoproteins to infer
relationships among arthropod, vertebrate, and those annelid Hox
genes for which extensive sequence is available. This is a neighbor-
joining tree constructed from a matrix based on 86 amino acid
positions, 60 from the homeodomain plus 1 residue upstream and
9 residues downstream, along with 16 residues around the hexapep-
tide motif, where one exists. Data is missing for the last 13
positions of the homeodomain and downstream residues of CH-
Hox4 and CH-Hox5. Dm AbdB, Dm prd, Dm msh, and Sg zen lack
hexapeptide motifs. Branch lengths are proportional to distances
based on the PAM-Dayhoff matrix. Numbers refer to the propor-
tion of 1000 bootstrap replicates supporting the adjacent node.
Only those nodes supported by more than 50% of the bootstrap
trees are labeled. Refer to Materials and Methods for details of tree
construction methodology. Abbreviations: CH, Chaetopterus; Dm,
Drosophila melanogaster; Mm, Mus musculus; Hm, Hirudo me-
icinalis; Ht, Helobdella triserialis; Sg, Schistocerca gregaria.1 expression of CH-Hox3, 4, and 5 is barely detectable.
Copyright © 2000 by Academic Press. All rightenerally speaking, there is an apparent temporal gradient
f expression from CH-Hox1 and CH-Hox2, which exhibit
obust hybridization signal at early stage L1, to CH-Hox3,
hich achieves a strong signal later at stage L2 (Figs. 5e and
f). CH-Hox4 has a lower level signal at stage L2 than
H-Hox3 but still higher than CH-Hox5 (Figs. 5g–j). By
tage L3 the apparent staining intensity with all five of the
robes has equalized to roughly the same level (Fig. 6).
hile these experiments are not quantitative, the robust-
ess of staining with all of the probes at later stages
uggests that the apparent temporal gradient from CH-
ox1 and 2 to CH-Hox5 reflects real differences in the
emporal regulation of these genes at early larval develop-
ent. Preliminary results from probe excess titration ex-
eriments are consistent with the temporal gradient de-
cribed above (K. J. Peterson, unpublished data).
Apart from the posterior staining pattern seen with each
ene, two other instances of localized expression are seen.
he first is strong expression of CH-Hox1 in the lateral and
osterior regions of the stomodeum at the location of the
rospective pharyngeal valve (the foregut/midgut boundary)
s early as stage L1 (Figs. 5a and 5b). The other notable site
f expression was for CH-Hox5, which is expressed in two
ventrolateral groups of one or two cells each, midway along
the antero-posterior axis (Fig. 5i). These cells are likely to be
in the developing protonephridia (Bonch-Bruevich and
Malakhov, 1987).
Expression Patterns at Middle Larval Stages
At stages L3 (Fig. 6) and L4 each of the probes stains
bilateral strips of ventral ectoderm. These staining cells
correspond to the anlage of the ventral nerve cord. Expres-
sion of all five of the genes persists in the prepygidial zone.
In the cases of CH-Hox1 and CH-Hox2 there is a gap in
staining from these posterior cells to the mesotroch where
staining resumes and proceeds anteriorly toward the post-
oral lobe (Figs. 6a–d). CH-Hox3, 4, and 5 are expressed in
continuous ventral bilateral strips from the prepygidial
zone anteriorly past the mesotroch. Determination of pre-
cise relative anterior boundaries of expression is problem-
atic at these stages. This is due to the wide variation in size
for larvae spawned at the same time and cultured together
(Irvine and Martindale, 1999). The difficulty is also due to
the lack of morphological landmarks in these stages, where
TABLE 1
Chaetopterus Gene Nomenclature
Former names Revised name
CH-Hb3 or CHv-Hb3 CH-Hox1
n.a. CH-Hox2
CH-Hb5 or CHv-Hb5 CH-Hox3
CH-Hb12 or CHv-Hb12 CH-Hox4
CH-Hb10 or CHv-Hb10 CH-Hox5
s of reproduction in any form reserved.
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340 Irvine and Martindaleovert segmentation is not visible. While it is not possible to
determine if the boundary of expression for CH-Hox3, for
xample, is anterior to that of CH-Hox4 at precisely the
ame developmental time point in these middle stages, it is
efinitely true that the boundary of CH-Hox1 expression is
nterior to that of CH-Hox 4, or that CH-Hox3 has a
boundary of expression anterior to that of CH-Hox5, and so
forth. In short, as closely as we can determine the anterior
boundaries for each of the genes CH-Hox1–CH-Hox5 at
early stages are staggered in order from anterior to posterior
(a relationship that persists into later larval stages).
CH-Hox1 continues to be expressed strongly at the
foregut/midgut boundary through stages L3 and L4. During
these stages expression of CH-Hox2 is also detected in this
same region, but confined to the dorsal side of the gut. This
gut expression of CH-Hox2 continues to stage L5 in some
specimens but is never as intense (relative to the ventral
body wall staining) as that of CH-Hox1.
Late Larval Expression Patterns
By stage L5 the segmental rudiments of the first 15 adult
segments, which persist through metamorphosis, are dis-
cernable. Rudiments of the parapodia, ventral ganglia, and
specialized adult structures are also present. The Hox
patterns reflect this increasing anatomical complexity.
During stages L4 and L5 the bilateral ventral nerve cords
(VNC) of segments A1–A9 (the A tagma) migrate laterally
toward their ventrolateral adult positions (refer to Martin
and Anctil, 1984, and Irvine et al., 1999, and Fig. 1 for
segment and tagma designations). The nerve cords of the A
tagma consist of a subepidermal epithelium overlying the
axon tracts, a condition not uncommon in polychaetes
(Golding, 1992). The cords join at segment B1 and continue
to the posterior as a single ladderlike nerve cord with paired
ganglia in each segment. Detectable Hox gene expression
generally follows this ventral CNS, with varying anterior
and posterior boundaries, and in certain cases is seen in
other tissues. The nerve cords in the A tagma are not well
TABLE 2
Characteristic and Conserved Residues Present in Chaetopterus an
(Using the Method of Sharkey et al., 1997)
Putative
paralogy
group
Chaetopterus sequences
Gene name
Number of
characteristic
residues
Num
cons
resi
Hox-1 CH-Hox1 8 of 8 1
Hox-2 CH-Hox2 7 of 7 n
Hox-3 CH-Hox3 3 of 4 1
Hox-4 CH-Hox4 8 of 10 n
Hox-5 CH-Hox5 4 of 6 3defined, but rather are diffuse cell populations at stages L5 m
Copyright © 2000 by Academic Press. All rightnd L6. This diffuse cellular organization is reflected in the
iffuse character of in situ hybridization signal in the A
agma VNC. Staining there can be contrasted with the
istinct staining patterns seen in the more posterior nerve
ord where ganglia are condensed and more differentiated
rom the surrounding ectoderm (e.g., Fig. 7c).
As at stage L3, staining with the CH-Hox1 and CH-Hox2
robes is confined to the A tagma (Figs. 7a and 7b) plus
ersistent bilateral staining at the pygidium (Fig. 7a, py-
idial staining of CH-Hox2 is not visible in the plane of
ocus shown). The strongest staining is seen in the neural
pithelium overlying the axon tracts of the pair of ventro-
ateral nerve cords. These strips of ectoderm lie at the bases
f the uniramous parapodia of setigers A1–A9, and in both
ases the posterior boundary of expression is in setiger A9.
The most anterior boundary of expression at this stage is
xhibited by CH-Hox2, transcripts of which are present in
he neural epithelium to the anterior edge of setiger A1.
eak expression extends into the proximal part of the A1
arapodium and more distally in the parapodia of A2 and A3
Fig. 8b). CH-Hox2 is the only gene which is expressed in
he epidermis across the forming plastron, the thick ventral
pithelium of the adult worm.
The next most rostral anterior boundary is that of CH-
ox1 which extends anteriorly in the neural epithelium to
he anterior edge of setiger A2 and extends into the proxi-
al part of the A2 parapodium. In the parapodia of A3–A9
xpression extends along the entire proximo-distal axis
ith strongest expression in A3 (Fig. 8a).
CH-Hox3 is also detected in the anterior CNS and parapo-
ia (Figs. 7c and 8c). In this case neural expression termi-
ates at the anterior side of setiger A3 and, unlike CH-Hox1
nd CH-Hox2, extends to the caudal extreme of the CNS.
xpression extends laterally to the proximal part of the A3
arapodium and throughout the parapodia of setigers
4–A9 (Fig. 8c). In setigers B1–B5 and in C1, CH-Hox3
ranscripts are detected at high levels in each of the seg-
ental ganglia. In addition, strong staining is present in a
trip of epidermis at the caudal edge of the posterior
ech Homeobox Gene Protein Sequences
Helobdella sequences
f
d
Gene name
Number of
characteristic
residues
Number of
conserved
residues
Lox7 6 of 8 1 of 1
n/a
n/a
Lox6 8 of 16 1 of 1
Lox20 1 of 4 0 of 2d Le
ber o
erve
dues
of 1
/a
of 1
/aesotroch, located in setiger B1, and extends dorsally
s of reproduction in any form reserved.
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341Chaetopterus Hox Gene Expression Patternsaround the entire circumference of the animal. This tissue
will become incorporated into the aliform notopodium,
possibly forming the ciliated groove present on this struc-
ture in the adult. The strip of expressing cells may be
nervous tissue commonly associated with trochal bands
(Golding, 1992).
The general pattern of CH-Hox4 expression is similar to
that of CH-Hox3, with the anterior boundary shifted one
etiger caudally. In addition, the CH-Hox4 probe stains in
ateral epidermis of setigers B2–C1. The staining of the
audal edge of the posterior mesotroch is coincident with
hat of CH-Hox3. The anterior boundary of CNS staining is
t the anterior edge of setiger A4. Expression extends
aterally into the base of the A4 parapodium and more
istally in the parapodia of setigers A5–A9 (Fig. 8d).
The band of neural staining for the CH-Hox5 probe has an
nterior expression boundary once again shifted one setiger
audally to anterior A5. However, there are small sets of
taining cells in the nerve cord in setigers A4 and A3 (Fig.
e). Unlike the parapodial staining seen with the other
robes, CH-Hox5 exhibits strong anti-sense hybridization
n isolated cell populations at the distal tips of the A5 and
6 parapodia. In the parapodia of setigers A7–A9 the stain-
ng is more continuous along the proximo-distal axis (Fig.
e). As for CH-Hox3 and CH-Hox4 strong signal is seen just
audal of the posterior mesotroch and in the ganglia of
etigers B1 and B2. Unlike CH-Hox3 and CH-Hox4, how-
FIG. 6. In situ hybridization to anterior Hox genes at stage L3 of
ith anterior to the top. Double arrowheads denote the level of th
entral toward the left of the page. For each gene, staining is locali
dditional staining at the foregut/midgut boundary for CH-Hox1 an
L3. Ventral body wall staining extends from the mesotroch rostrally
arrowhead, out of focus in this photograph). Strong staining also pe
around the pharyngeal opening. (c and d) CH-Hox2 staining at st
esotroch rostrally and persists in the prepygidial region (open
ctodermal staining (arrow in c) is typical of specimens at stages L3
ateral proximity of the foregut/midgut boundary (filled arrowhea
pposed to that of CH-Hox1 which is present in this region throug
o be internal to the body wall it is actually subepidermal, but be
nstained ectoderm along the ventral midline. (e) Staining at stage
ody wall, but unlike CH-Hox1 and CH-Hox2 extends continuousl
taining at stage L3 is similar to that of CH-Hox3 in extending c
xpression of CH-Hox5 at stage L3 is localized to the ventral b
esotroch.
IG. 7. In situ hybridization of Chaetopterus anterior Hox gene p
a and b) Expression of CH-Hox1 and CH-Hox2 is detected in the ve
s also detected in the prepygidial region (open arrowheads). In b
H-Hox2. (c) CH-Hox3 transcripts are detected in the VNC both in
rrow) to the prepygidial zone. In other specimens staining is visib
taining for CH-Hox3 is also visible in a strip of cells just caudal to
he aliform notopodia of setiger B1. (d) Staining for CH-Hox4 is s
osterior nerve cord. In addition, staining is seen in the ectoderm o
ateral portions of the ganglia than that of CH-Hox3, e.g., in the B1
tagma VNC and parapodia and the caudal side of the posterior m
nterior portion of the B1 ganglion (double arrowhead), laterally in
he ganglia of B3 and B4 (double-headed arrows). Faint staining persists
Copyright © 2000 by Academic Press. All rightever, CH-Hox5 expression is downregulated in more caudal
ganglia, being limited to a portion of the B2 ganglion and
small bilateral cell populations in B3 and B4.
Expression patterns for stage L7 larvae, which have un-
dergone metamorphosis, largely reiterate those of stage L5
for each gene (Fig. 9). However, certain aspects are different
owing to the morphogenetic changes which have occurred.
In general, the nerve cords of the A tagma are more
condensed, although they still have not formed a tight
ganglionic mass. This condition probably reflects the
simple structure of the adult nervous system in this area
(Martin and Anctil, 1984).
The staining at the foregut/midgut boundary persists for
CH-Hox1 although the staining cells are now found dis-
placed caudally along the anterior-posterior axis (Figs. 9a
and 9b). This is due to the morphogenesis of the pharynx
which is formed by invagination of the stomodeal cavity
present in earlier stages. These movements can be followed
in late stage L5 and L6 larvae (data not shown).
Another important morphogenetic change is the forma-
tion of the aliform notopodia of setiger B1, which incorpo-
rates the posterior mesotroch of stage L5. The staining seen
for CH-Hox3, CH-Hox4, and CH-Hox5 at the caudal edge of
the posterior mesotroch persists in the new structure (Figs.
9e and 9f). Also of note is the staining in the ectoderm of
setigers B2–B5 and C1 with the CH-Hox4 probe, which
persists from stage L5. This is the only probe that hybrid-
topterus larval development. Top row (a, c, e–g) are ventral views
sotroch in each view. (b and d) Lateral views with anterior up and
o bilateral strips of ectoderm straddling the ventral midline, with
-Hox2 (filled arrowheads). (a and b) Expression of CH-Hox1 at stage
ning persists from earlier stages just anterior to the pygidium (open
s at the foregut/midgut boundary (filled arrowhead) forming a ring
3. Like CH-Hox1, ventral ectodermal staining extends from the
whead). The lateral extension of the rostral edge of the ventral
L4 for CH-Hox2. Transient staining is also visible in the dorsal and
d). This foregut staining is only detected at stages L3 and L4, as
larval ontogeny. Although the ventral staining in b and d appears
e it is superficial to the plane of focus it appears deeper than the
ith the CH-Hox3 probe. Hybridization is confined to the ventral
m the prepygidial region past the mesotroch rostrally. (f) CH-Hox4
uously past the mesotroch rostrally in the ventral ectoderm. (g)
wall and extends from the prepygidial region rostrally past the
s at larval stage L5. Composite views are ventral with anterior up.
nerve cord (VNC) and parapodia of tagma A (brackets). Expression
e staining across the width of the ventral plastron (asterisk) for
a A (bracket) and in more caudal nerve ganglia (one identified by
the anterior parapodial rudiments as well (refer to Fig. 8c). Strong
posterior mesotroch (arrowhead), which become incorporated into
r to that for CH-Hox3 in the A tagma, posterior mesotroch, and
igers B2–C1 (arrows). Staining in the posterior VNC is in the more
glion (double arrowhead). (e) CH-Hox5 transcripts are found in the
och (arrowhead). In the posterior VNC staining is seen only in the
2 ganglion (arrow), and in individual bilaterally located neurons inChae
e me
zed t
d CH
. Stai
rsist
age L
arro
and
d in
hout
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L3 w
y fro
ontin
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the Bin the prepygidial region (open arrowhead).
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344 Irvine and Martindaleizes to transcripts in these lateral tissues in the posterior
tagmata of the larva.
DISCUSSION
Orthology Relationships of Chaetopterus Hox
Genes
We have characterized five Hox genes obtained by cDNA
library screening. Shorter fragments of four of these genes
were previously detected by PCR sampling of the
Chaetopterus genome (Irvine et al., 1997). The additional
sequence information obtained from the isolation of cDNA
clones has allowed us to definitively confirm orthology
assignments for each of these genes by both similarity
analysis and rigorous phylogenetic methodology. The anal-
ysis described here indicates that Chaetopterus possesses a
member of each of the first five paralog groups of Hox genes
discernable from other central and posterior group mem-
bers. This is consistent with surveys of other polychaetes
(Dick and Buss, 1994; Rosa et al., 1999) but different from
that described for other annelids. Leeches possess multiple
members (at least two) of paralogy groups 4 and 5 (Irvine
and Martindale, 1996; Kourakis and Martindale, in prepara-
tion) but despite extensive searches, show no evidence of
paralogy group 2 and 3 members. While this failure to find
Hox2 and Hox3 orthologs might be a sampling error, it
might also indicate that the genes have either been lost or
have diverged in sequence or function too much to be found
by the survey methods used. This latter case of divergence
FIG. 8. High magnification ventrolateral views of the region A
umbers refer to the segmental register of setigers within region
omposite views at different focal planes. (a) Expression of CH-Ho
f setiger A2 (arrow), and more caudal parapodia. Note the lack of s
oundary at the rostral side of setiger A1 (arrow) and extend caudal
entral midline for this gene at stages L4 and L5. (c) For CH-Hox3
he VNC (double-headed arrow). Transcripts are also present in the
n the more caudal A tagma parapodia (double arrowhead). (d) Hybr
etiger A4 in the VNC (double-headed arrow). Staining is visible in
region parapodia. (e) Continuous CH-Hox5 expression is present i
rrow), and in small cell groups in setigers A3 and A4 (only A4 sta
f the left lateral nerve cord. Staining is present in the base of the
6 (arrow) and A7. Staining is present throughout the proximal-di
IG. 9. In situ hybridization to Chaetopterus Hox genes in metam
ith anterior to the top of the page. (b, lower part of c) Lateral view
ranscripts persist in the VNC of tagma A and the prepygidial region
deep to the surface focal plane), but is located near the poste
etamorphosis. (b) A lateral optical section of the same stage larv
c) Ventral (anterior) and lateral (posterior) views of CH-Hox2 sta
ncluding prepygidial staining (open arrowhead). (d) The CH-Hox3
ite of the posterior mesotroch, which has been incorporated into
arrowhead). (e) CH-Hox4 transcripts are detected in the VNC, poste
n the aliform notopodium of setiger B1 (arrowhead). (f ) CH-Hox5
anglion of the B tagma (double arrowhead), as well as in the alifor
ut not visible in this plane of focus.
Copyright © 2000 by Academic Press. All rightmight parallel the divergence of the Hox3 ortholog in
insects (zen), which has a divergent sequence and has lost
its expression on the embryonic axis (Falciani et al., 1996).
A survey of the oligochaete Stylaria lacustra found three
members of group 1, and one each of groups 3 and 5, but
failed to find group 2 and 4 homologs (Snow and Buss, 1994).
The Annelida is generally thought to be a monophyletic
taxon, with the possible inclusion of Echiura and Pogono-
phora. The Clitellata (leeches and oligochaetes) are either a
sister group to the Polychaeta (Brusca and Brusca, 1990;
Rouse and Fauchald, 1997) or derived from within a
paraphyletic Polychaeta (McHugh, 1997). Our results, along
with others (Dick and Buss, 1994; Irvine et al., 1997; Rosa et
al., 1999) are consistent with a model of a single ancestral
Hox cluster containing 10 genes existing at the time of the
origin of the annelids, paralleling estimates of Hox gene
clusters in the basal protostomes (Finnerty and Martindale,
1998). The clitellates appear to have more complexity in the
organization of the Hox genes, including duplication and
possible loss of individual Hox gene species (Irvine and
Martindale, 1996; Irvine et al., 1997; Irvine, 1998).
Hox Gene Expression in Polychaetes
Despite the publication of Hox gene sequences from
several different genera, this is the first description of the
expression patterns of Hox genes in a polychaete. Hox gene
expression has been studied in leeches (e.g., Nardelli-
Haefliger and Shankland, 1992; Aisemberg et al., 1993;
ourakis et al., 1997), but the spatiotemporal patterns of
podia showing in situ hybridization of Chaetopterus Hox genes.
nterior is up and lateral toward the right of the page. (a and b)
seen in the VNC (double arrowhead), in the parapodial epidermis
ng in the A1 parapodium. (b) CH-Hox2 transcripts have an anterior
A9. Staining is consistently evident in the plastron (pl) across the
anterior expression boundary is at the rostral side of setiger A3 in
imal part of the parapodium of setiger A3 (arrow) and more broadly
tion of the CH-Hox4 probe extends anteriorly to the rostral side of
roximal part of the parapodia of setiger A5 (arrow) and more caudal
VNC as far anterior as the rostral side of setiger A5 (double-headed
is visible, marked by open arrowhead). Bracket denotes the width
d A7 parapodia, and in separate distally located groups of cells in
ength of parapodia in setigers A8 and A9.
hosed juveniles (stage L7). (a, upper part of c, d, e, f ) Ventral views
th anterior up and ventral toward the left of the page. (a) CH-Hox1
n arrowhead). Staining at the foregut/midgut boundary also persists
of the A tagma (arrow) due to invagination of the pharynx at
wing CH-Hox1 staining in the caudal end of the pharynx (arrow).
at L7 showing persistence of the basic pattern seen at stage L5,
ing pattern matches that of stage L5. Faint staining persists at the
aliform notopodia of setiger B1 (just visible in this plane of focus
parapodia, and prepygidial region (open arrowhead) and can be seen
ession persists from stage L5 in the VNC of the A tagma and first
topodia (out of focus at arrowhead). Prepygidial staining is presentpara
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345Chaetopterus Hox Gene Expression Patternsexpression in Chaetopterus have unique and evolutionarily
relevant features.
Early Patterns
The most striking aspect of Hox gene expression found in
this study is the early onset of expression in the posterior of
the larva. This early expression is localized to bilaterally
disposed cell populations located ventrolaterally, just ante-
rior to the pygidium. CH-Hox1 and CH-Hox2 are the first of
hese genes to be expressed at detectable levels, exhibiting
obust in situ hybridization signals from early stage L1 (18
). Expression of CH-Hox3, CH-Hox4, and CH-Hox5 is not
etected until stage L2 (some 24 h later), with an apparent
emporal gradient of expression onset from CH-Hox1 and 2
o CH-Hox3 and 4, and with CH-Hox5 showing the latest
xpression (Fig. 5). The temporal sequence of Hox gene
xpression is not an artifact, since expression of each of
hese genes is detectable and persists in a bilaterally sym-
etrical fashion in the prepygidial region throughout all
ubsequent developmental stages. Although the expression
attern follows the same sort of temporal sequence seen in
ther metazoans (e.g., Rogers and Kaufman, 1997; Prince et
l., 1998b), the expression of Hox genes in Chaetopterus
begins well before any indications of segmental organiza-
tion appear in the larval body plan (Irvine et al., 1999).
All five of the Hox genes examined here are expressed at
these early stages in the same general region in the posterior
of the animal and may be turning on at nearly the same
times in many of the same cells. Expression initially occurs
in a largely overlapping domain and it is likely that Hox
gene transcription may be loosely regulated in early stages
to be refined later, either by translational regulation or by
differences in the timing of transcriptional downregulation
in a way similar to that seen in planarian flatworms
(Bayascas et al., 1997).
Significance of the Early Chaetopterus Hox Gene
Expression Pattern
The general model of annelid development is based on
the presence of a “posterior growth zone” just anterior to
the pygidium. The dynamics of cell division and posterior
expansion in this larval region are completely unknown and
various authors have claimed historically that both defini-
tive ectodermal and mesodermal stem cells reside in this
region and give rise to the various adult tissues of the
posttrochal region (Okada, 1957; Anderson, 1966; Ander-
son, 1973; Irvine and Martindale, 1996). The extreme ver-
sion of this type of teloblastic growth is seen in the
clitellates in which highly stereotyped sets of five bilater-
ally symmetrical teloblast stem cells can be found and
named and their descendents studied in detail (Storey, 1989;
Weisblat and Shankland, 1985; Zackson, 1984). The condi-
tion in the clitellates is most often interpreted as an
acceleration of the formation of the adult body plan, as
Copyright © 2000 by Academic Press. All righthese animals have forsaken larval development to become
irect developers.
The locations of cells expressing Hox gene transcripts
uring early development in Chaetopterus coincide with
he predicted location of the prepygidial growth zone, both
n the anterior-posterior level and in the bilateral localiza-
ion of expressing cell populations. This largely overlapping
attern of expression in terminal cell populations at early
tages has not been reported in other taxa, including those
ith teloblastic growth, such as molluscs, crustaceans, and
ost notably, a related class of annelids, the leeches. In
ies, for example, Antp transcripts are detected at the
ellular blastoderm stage, but are already localized to the
rimordia of segments T1 and T2 (Harding et al., 1985). In
haetopterus, on the other hand, transcripts for each of the
enes we examined were present in the putative growth
one before any segmental primordia were formed. The very
arly appearance of Hox gene expression in the putative
haetopterus growth zone may relate to the possibility of
arly specification of segmental fate within teloblast lin-
ages. Cell transplantation experiments in leeches have
hown that segmental founder cells derived from both
ctodermal and mesodermal teloblasts are determined at
he time of their birth (Martindale and Shankland, 1990;
leizer and Stent, 1993; Nardelli-Haefliger et al., 1994). If
his early fate specification is true in polychaetes, it could
xplain the presence of Hox genes, acting in a fate specifi-
ation role, in the set of segmental founder cells. Curiously,
s mentioned above, very early coordinated expression of
ox genes has not been reported in leeches. The absence of
ox gene expression in determined segmental founder cells
n leech embryos suggests that Hox gene expression is not
nvolved in the initial establishment of segmental identity
n annelids, and that the early pattern in polychaetes has
ome other function, such as in cell proliferation. If the
arly Hox expression detected in Chaetopterus does indeed
ave a role in the precocious specification of segmental fate,
he lack of expression in leeches suggests that other, possi-
ly upstream, genes serve in place of the early phase of Hox
xpression seen in Chaetopterus.
Early Expression in the Gut
A second significant site of early Hox gene expression,
which persists through metamorphosis, was located in
distinct regions of the gut tube. CH-Hox1 transcripts are
highly expressed at the foregut-midgut boundary. This
expression was detectable along with the earliest posterior
staining in early stage L1 and persists in some form through
metamorphosis. At the germ band extension stage in Dro-
sophila, the Hox1 ortholog lab is strongly expressed in
endoderm of the posterior midgut rudiment. Slightly later,
expression is detected in the anterior midgut rudiment and
stomodeal plate. The anterior and posterior midgut rudi-
ments migrate toward each other during germ band retrac-
tion to result in a broad band of persistent lab expression in
the midgut. It should be noted, however, that no such gut
s of reproduction in any form reserved.
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346 Irvine and Martindaleexpression of the lab ortholog Lox7 is seen in the leech
(Kourakis et al., 1997).
A seemingly related transitory pattern of ISH staining in
he same region as that of CH-Hox1 is present for CH-Hox2,
lthough the transcripts are localized to the more dorsolat-
ral part of the domain (Fig. 6d). Like the situation for
H-Hox1, a reminiscent pattern is reported in Drosophila
or the Hox2 gene proboscipedia (pb). At intermediate
tages of embryogenesis, pb transcripts are detected in the
esoderm at the posterior region of the foregut. More
etailed study of the cellular localization of CH-Hox2
xpression will be required to determine whether the
haetopterus pattern is related precisely to that seen in
rosophila.
The available anatomical and molecular data in
haetopterus are insufficient to make a firm argument for
he homology of the gut expression between the polychaete
nd the insect; however, the robustness and location of
ox1 and 2 ortholog gene expression throughout larval life
nd metamorphosis in the gut in both taxa argue for the
omology of the two patterns, suggesting that early expres-
ion of these two genes in the gut is a primitive trait for the
rotostomes. Comparative data from other taxa would help
est this hypothetical relationship.
Anterior Boundaries
Generally, the segmental register of each Chaetopterus
gene, at later stages, is as expected for the assumption of
colinearity, with each gene in series having an anterior
expression boundary displaced by one segment from that of
the previous gene. CH-Hox3 is at A3, CH-Hox4 terminates
at A4, and CH-Hox5 has an anterior expression boundary
terminating at A5. The only exception is that CH-Hox2 has
n anterior expression boundary rostral to that of CH-Hox1.
hus the rostral expression boundary for CH-Hox2 is at the
nterior of setiger A1, while that of CH-Hox1 occurs at the
nterior of A2. This situation is strikingly similar to the
ituation in vertebrates, where in mouse and zebrafish
aralog group 2 genes are expressed anterior to paralog
roup 1 members (Krumlauf, 1993; Prince et al., 1998b).
It is difficult to make direct comparisons of the results in
olychaetes with those in leech or flies, however. As
ndicated earlier, no Hox2 or Hox3 gene has been identified
rom any leech taxon, despite extensive screening by sev-
ral laboratories. In addition, the relative anterior expres-
ion patterns in leech do not leave a gap along the CNS for
ny Hox2 or Hox3 gene, according to the expectation of
olinearity. Lox7, the leech Hox1 gene, is expressed in the
ost rostral ventral subesophageal ganglion, R1, while
ox6, a leech Hox4 gene, is expressed in the second ventral
anglion, R2. Unless undiscovered leech Hox2 and Hox3
enes with unexpected expression domains exist, it may be
hat Hox2 and Hox3 orthologs were lost in the leech, or
hey have diverged in sequence and function too much to be
ecognized as such (Fig. 10). 1
Copyright © 2000 by Academic Press. All rightThe Drosophila gene zen and other insect orthologs have
een shown to be orthologs of the Hox3 genes in vertebrates
Falciani et al., 1996). However, the zen genes in insects are
xpressed in extraembryonic membranes, with no apparent
ole in axial patterning. Recent work in two chelicerates
Damen and Tautz, 1988; Telford and Thomas, 1998) indi-
ate that paralog group 3 members are expressed in a
olinear fashion along the body axis. Because paralog group
members are expressed axially in vertebrates (Holland et
l., 1992; Prince et al., 1998b), chelicerate arthropods, and
haetopterus, the regulatory control of Hox3 expression
ust have changed at least once in protostome evolution,
rom a likely primitive condition in axial patterning in the
rotostome/deuterostome ancestor to extraembryonic ex-
ression in insects (even primitive ones; Falciani et al.,
FIG. 10. Diagrammatic ventral views of Chaetopterus at stage L5
summarizing basic Hox gene expression patterns. Anterior is to the
left of the page. Setiger numbers for regions A, B, and C are labeled
at the top of the figure. Shading indicates detectable expression of
the gene listed to the left of the figure. Only the right side of each
pattern is shown, the horizontal dashed line representing the
ventral midline. pr/pe, presegmental prostomium and peris-
tomeum; pyg, pygidium.996).
s of reproduction in any form reserved.
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347Chaetopterus Hox Gene Expression PatternsPosterior Boundaries
What may be more significant for Chaetopterus in par-
icular are the posterior boundaries of expression for CH-
ox1 and CH-Hox2. Expression of each these genes extends
caudally only to setiger A9, which is the boundary between
morphological region A and region B. Expression of the
other three genes examined extended well into region B. As
reported in other animals, many Hox genes are expressed
from a more or less defined anterior boundary and have
overlapping expression zones along much of the body axis
caudally, without an obvious posterior boundary corre-
sponding to a change in segmental morphology. For ex-
ample, expression of the leech genes Lox7 and Lox6 (the
omologs of CH-Hox1 and CH-Hox4) begins at anterior
oundaries in the R1 and R2 neuromeres, respectively, and
xtends to the caudal end of the ventral nerve cord. A
imilar situation is seen in vertebrate Hox genes (Fig. 5) and
he trunk Hox genes of insects. Among the important
xceptions to this generalization are the anterior insect Hox
enes, such as labial and proboscipedia, the fruit fly ho-
ologs of CH-Hox1 and CH-Hox2, respectively. These
enes in fruit flies have defined anterior and posterior
xpression boundaries, spanning only one or a few segments
r parasegments in the prospective head and thorax. This
ore defined regulation of the posterior as well as the
nterior boundaries of expression may thus correlate with
egional subdivision of the body axis, as seen in the division
f the Chaetopterus body into the A, B, and C “tagmata,” or
he distinct tagmatization in the insect head and thorax.
agmosis in a spider has similarly been associated with a
hared posterior expression limit for Hox1, Hox3, and Hox4
enes corresponding to the boundary between the cheli-
erate prosoma and opisthosoma (Damen et al., 1998;
Damen and Tautz, 1988). In the leech, Lox2 (Hox7/8) and
Lox20 (Hox5) have defined posterior expression boundaries
(Kourakis et al., 1997).
Evidence for or against a functional significance of poste-
rior expression boundaries can be found in overexpression
experiments in flies and mice. In the most common cases,
changing posterior boundaries by ectopic expression does
not have a phenotypic effect, often because another ho-
meotic gene expressed more posteriorly suppresses the
developmental effects of more anteriorly expressed genes—
the “posterior dominance” principle (e. g., Andrew et al.,
1994; Balling et al., 1989). However, in some cases genes
with defined posterior expression boundaries do have phe-
notypic effects when expressed posterior to their normal
domains. Ubiquitous expression of a heat-shock-Dfd trans-
gene causes a partial tranformation of the more posterior
labial and thoracic segments toward a maxillary identity
(Kuziora and McGinnis, 1988) and ectopic expression of Scr
results in the cuticle in the second and third thoracic
segments being converted to the form of the first thoracic
segment (Andrew et al., 1994; Pederson et al., 1996). In the
mouse, overexpression of Hoxc-6 results in one or more
supernumary ribs in the lumbar region, caudal to the
Copyright © 2000 by Academic Press. All rightnormal posterior expression boundary of this gene (Jegalian
and DeRobertis, 1992). Similarly, overexpression of Hoxb-8
and Hoxc-8 posterior to their normal domains result in
“atavistic” changes in posterior vertebral morphology (Pol-
lock et al., 1995). These experiments indicate that in some
cases changes in posterior boundaries of Hox expression can
have phenotypic consequences, and thus might be a mecha-
nism of morphological change in evolution. The idea of a
relationship between changes in Hox gene regulation and
tagmosis has been extensively reviewed by Akam (Akam,
1995; Akam, 1998a). The emerging picture from detailed
molecular genetics studies indicates that fine details of the
regulation of Hox gene expression, both spatially and tem-
porally, and in the context of both upstream and down-
stream genes, are important for the morphogenesis of seg-
mental morphology (Akam, 1998b; Gellon and McGinnis,
1998). In evolution, it is therefore likely that changes in
Hox expression, such as shifting posterior boundaries and
subsegmental localization, are mechanisms for morphologi-
cal change.
CNS Expression
As mentioned above, a commonality of the gene expres-
sion patterns reported here is that Hox gene transcripts are
present at the highest levels in the central nervous system.
This finding correlates with results reported in leeches
(Wysocka-Diller et al., 1989; Nardelli-Haefliger and Shank-
land, 1992; Wong et al., 1995; Kourakis et al., 1997; Wong
nd Macagno, 1998). Examination of the segmental sublo-
alization of Hox transcripts for each gene may be germane
o the discussion of possible roles of these Hox genes in
eural development. In the CNS of region A, where the
dult nervous system is quite simple, both in form and in
ts functional role (Martin and Anctil, 1984), the Hox
xpression patterns are a simple overlapping of more poste-
iorly expressed genes over those with more anterior expres-
ion boundaries. In the more morphologically and function-
lly complex region B, however, each of the three genes
xpressed, CH-Hox3, CH-Hox4, and CH-Hox5, are local-
ized to different parts of the segmental ganglia (Figs. 7c–e).
The different segmental localizations imply that rather
than a “posterior dominance” mechanism of Hox interac-
tions operating in region B (Manak and Scott, 1994), each
gene may be involved in specification of a different set of
neurons, possibly segmentally iterated, within a series of
ganglia. These results for region B are similar to those seen
in leeches, where different segmentally iterated sets of
neurons express different Hox genes (Nardelli-Haefliger and
Shankland, 1992; Wong et al., 1995; Wong and Macagno,
1998). Hox genes in flies are also expressed in reiterated
subsets of ventral nerve cord ganglia at late embryonic
stages (e.g., Pultz et al., 1988). It has been suggested
(Nardelli-Haefliger and Shankland, 1992) that a possible
function of Hox genes in the leech is in the diversification
of neuronal subtypes, as well as to specify differences in
homologous neurons between segments. The partially non-
s of reproduction in any form reserved.
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Chaetopterus also correlates with late Hox expression seen
in flies (e.g., for pb/Hox2, Pultz et al., 1988) and suggests
that this pattern may be a common phenomenon in proto-
stomes. Despite the predominance of Hox gene expression
in the CNS in annelids it is still possible that these genes
have an important role in patterning other ectodermal
structures, as has been established genetically in flies.
Broad expression of each of the genes is seen in the
parapodia at stage L5, and functionally significant levels of
transcript may be present in other tissues but not detectable
by our methods.
Implications of Chaetopterus Expression Patterns
for the Evolution of Hox Gene Regulation
Figure 11 presents a generalized comparison of the five
most anteriorly-expressed Hox gene expression domains for
two annelids, Drosophila, and a vertebrate. Like both the
fly and the vertebrate, the annelids exhibit colinearity in
the order of anterior expression boundaries, at least at later
larval stages, with the exception that CH-Hox2 is expressed
anterior to CH-Hox1 (paralleling the vertebrate condition).
Also in common with the fly and fish patterns are the
defined posterior boundaries of the more anteriorly ex-
pressed genes. These boundaries fall within areas of the
body axis exhibiting more complex regionalization, such as
the region A/B boundary in Chaetopterus, the cephalized
and tagmatized fly head and thorax, and the cephalized
hindbrain of the fish. In the leech, with a more homono-
mous body plan, only one of the genes has a defined
posterior limit. Unique in this group of taxa is the
Chaetopterus pattern of early and persistent expression in a
sharply limited posterior zone of the body axis.
Despite the difficulties of comparing gene expression in
such different organisms, certain evolutionary conclusions
or hypotheses do arise from the present study, which have
been presented above, and are summarized in Fig. 12.
Within the annelids, it is possible that the leeches have
undergone a reorganization of Hox expression domains in
the anterior CNS, as evidenced by the lack of apparent gene
homologs of the Chaetopterus Hox2 and Hox3 genes (steps
1 and 2, Fig. 12). Concomitant with this would be an
anterior shift of expression domains for remaining leech
Hox genes, as evidenced by the leech Hox4 (Lox6) gene
expressed just caudally to Hox1 (Lox7) (step 3, Fig. 12).
Within the polychaete lineage there has been an apparent
regulatory limit on the posterior boundary of Hox1 and
Hox2 expression, possibly concomitant with the tagmati-
zation of the Chaetopterus body plan (step 4, Fig. 12),
paralleling the pattern in chilicerates (step 5, Fig. 12). A
similar situation can be postulated for the anterior Hox
genes in insects, where heteronomy in segmental form and
tagmosis is associated with defined posterior boundaries on
gene expression domains (step 6, Fig. 12). Finally, examina-
tion of the expression of the Chaetopterus Hox3 gene, the
first such pattern described in the Lophotrochozoa, has
Copyright © 2000 by Academic Press. All rightshown that an axial pattern of expression is likely to be the
primitive condition for this major taxonomic group, with
the expression pattern in insects being a derived condition
(step 7, Fig. 12).
More profound understanding of the role of Hox gene
regulation in the morphological evolution of polychaetes
will be dependent on more comparative data in related
polychaete species. The polychaetes are a promising taxon
FIG. 11. A diagram relating the late larval expression domains of
the five most anteriorly expressed Hox genes in Chaetopterus to
hose of other representative species. The bands to the right of the
taxon names are diagrammatic representations of the body axis in
each species, with segments numbered at the top of each band.
Shaded bands are the generalized expression domains of each of the
genes labeled to the left, with darker shading corresponding to
stronger expression. Expression domains shown for Chaetopterus
and Helobdella (Nardelli-Haefliger and Shankland, 1992; Kourakis
et al., 1997) are mainly in the CNS. Expression domains for
Drosophila are for the extent of Hox protein in the ectoderm at
intermediate embryonic ages (Kaufmann, 1990; Rogers and Kauf-
man, 1997). Danio expression shown is in the CNS at the 20 somite
stage (Prince et al., 1998a,b).for finding specific developmental–genetic changes related
s of reproduction in any form reserved.
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349Chaetopterus Hox Gene Expression Patternsto morphological change because of the presence of great
morphological diversity between closely related polychaete
families. An illuminating comparison would be between
the patterns seen in Chaetopterus, which has a high degree
of segmental morphological diversity along the body axis,
FIG. 12. A cladogram of metazoan relationships showing hypo-
hetical evolutionary changes discussed in this chapter. The tree
opology is derived from a consensus of recent molecular phyloge-
etic studies based on 18s rRNA, or rDNA, sequence analysis
Aguinaldo et al., 1997; Giribet and Ribera, 1998; Kim et al., 1996).
ajor clades are denoted at the respective nodes. A hypothetical
ncestral Hox cluster at the protostome/deuterostome ancestor is
hown (Finnerty and Martindale, 1998). Axial colinear expression
f the Hox3 gene is inferred to exist in this ancestral state. *9, *0,
nd *- denote the inferred origin of major segmented body plans,
he chordate, annelid, and arthropod modes, respectively. Bars
ndicate an evolutionary transition, and the adjacent numbers
dentify the changes listed below. Arrows indicate that the precise
hylogenetic level of the transition, within the lineage, cannot be
etermined with the available data. Note that these are hypotheti-
al evolutionary transitions open to testing with more comparative
ata. (1) Possible loss of axial expression or gene loss of Hox2 gene.
2) Possible loss of axial expression or gene loss of Hox3 gene. (3)
ostral shift of anterior limits of Hox4 and Hox5 expression
omains relative to polychaetes. (4) Morphological and functional
eorganization of the body axis from an homonomous state, pro-
ucing regions A and B—accompanying regulatory changes in Hox1
nd Hox2 posterior boundaries to coincide with the region A/B
oundary. (5) Tagmosis results in prosoma-opisthosomal boundary
orresponding to a shared posterior limit of expression for Hox1,
ox3, and Hox4 genes (in a spider (Damen et al., 1998; Damen and
autz, 1988)). (6) Compression of expression domains for Hox1,
ox2, Hox4, and Hox5 genes—possibly associated with tagmosis in
he arthropod head. (7) Redirection of zen/Hox3 expression from
he embryonic axis to extraembryonic membranes (Falciani et al.,
996).and a more homonomous polychaete, such as a spionid, or
Copyright © 2000 by Academic Press. All righthe embryologically amenable Capitella. This type of study
as begun in the crustaceans, a group with morphological
iversity comparable to that of the polychaetes (Averof and
atel, 1997; Abzhanov and Kaufman, 1999). As more be-
omes known about other parts of developmental–genetic
athways accessible to comparative study, more focused
onclusions will be possible relating genetic changes to
evelopment, and hence to morphological change in evolu-
ion.
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